The possible involvement of polyamines in the chilling tolerance of spinach (Spinacia oleracea L.) was investigated focusing on photosynthesis. During chilling at 8/5°°°°C (day/night) for 6 d, S-adenosylmethionine decarboxylase (SAMDC) activity increased significantly in leaves in parallel with the increase in putrescine and spermidine (Spd) content in leaves and chloroplasts. Treatment of leaves with methylglyoxal-bis(guanylhydrazone) (MGBG), an SAMDC inhibitor, resulted in the deterioration of plant growth and photosynthesis under chilling conditions, which was reversed by the concomitant treatment with Spd through the roots. Plants treated with MGBG showed lower photochemical efficiency of PSII than either the control or plants treated with MGBG plus Spd during chilling and even after transfer to warm conditions, suggesting an increase of photoinhibition due to low Spd in chloroplasts. Indeed, MGBGtreated plants had much lower activities of thylakoid electron transport and enzymes in carbon metabolism as well as higher degrees of lipid peroxidation of thylakoid membranes compared to the control. These results indicate that the enhanced activity of SAMDC with a consequential rise of Spd in chloroplasts is crucial for the cold acclimation of the photosynthetic apparatus in spinach leaves.
Introduction
Polyamines, spermidine (Spd) and spermine (Spm) and their obligate precursor putrescine (Put), are polybasic aliphatic amines that are implicated in many physiological processes in plants (Galston and Kaur-Sawhney 1995) . Put is synthesized from either L-Arg or L-Orn in reactions catalyzed by arginine decarboxylase (ADC, EC 4.11.19 ) and ornithine decarboxylase (ODC, EC 4.11.17) , respectively (Slocum 1991) . The synthesis of Spd and Spm is carried out by addition of an aminopropyl moiety to one or both amino groups of Put by spermidine synthase (EC 2.5.1.16) and spermine synthase (EC 2.5.1.22), respectively. The aminopropyl donor is decarboxylated S-adenosylmethionine, which is derived from S-adenosylmethionine via the action of S-adenosylmethionine decarboxylase (SAMDC, EC 4.1.1.50). The synthesis of Spd and Spm has been suggested to be largely regulated at the level of SAMDC (Greenburg and Cohen 1985) .
In recent years, attention has been focused on the role of polyamines in plant defense to environmental stresses (Galston 2001) . There are many reports indicating that stress tolerance of plants is correlated with their capacity to enhance the synthesis of polyamines upon encountering the stress (Bouchereau et al. 1999) . Lee et al. (1995) found a close correlation between the chilling tolerance of rice cultivars and the extent to which Put accumulates in shoots in response to chilling stress (5/5°C, day/night). We also found that a chilling-tolerant cultivar of cucumber enhanced the synthesis of Spd in leaves during exposure to low temperature (3°C in the dark), while a chilling-sensitive cultivar did not (Shen et al. 2000) . Increased Spd was effective in suppressing the NADPH oxidase-mediated accumulation of H 2 O 2 in chilled leaves, thereby alleviating the oxidative damage to the leaves. These results indicated that polyamines play important roles in plant defense against chilling injury. From the agricultural viewpoint, however, it is more important to clarify if polyamines are also involved in the plant tolerance to mild chilling stress that can occur during the course of crop production.
Under field conditions, chilling injury of leaves is often associated with photosynthetic processes: exposure of leaves to low temperatures in the light can result in damage to the photosynthetic apparatus, a phenomenon known as low-temperature photoinhibition of photosynthesis (Allen and Ort 2001) . Photoinhibition initiates the induction of reactive oxygen species (ROS), which may cause the degradation of photosystems, lipid peroxidation of thylakoid membranes and inactivation of enzymes in carbon metabolism (Foyer 1997 , Asada 2000 .
Recently, Szalai et al. (1997) found that Put and Spd contents in maize leaves increased markedly upon exposure to 5°C in the light but not in the dark. Based on these results, they suggested that the increase of polyamines could be important in the defense against photoinhibition. Indeed, polyamines have membrane-protective and radical-scavenging properties (Roberts et al. 1986 , Bors et al. 1989 . In leaves polyamines are localized in chloroplasts (Torrigiani et al. 1986 ). Chloroplasts also contain high activities of polyamine biosynthetic enzymes and transglutaminase, an enzyme catalyzing the incorporation of polyamines into proteins (Borrell et al. 1995) . In addition, activities of these enzymes are light regulated (Hirasawa and Shimada 1994, Serafini-Fracassini et al. 1995) . All of these results suggest the possible involvement of polyamines in the defense against low-temperature photoinhibition of photosynthesis; however, there is no direct evidence to support this conception.
In the present study, we investigated the role for polyamines in the tolerance of the photosynthetic apparatus to chilling temperatures. We used spinach (Spinacia oleracea L.) as a plant material, because chilling-tolerant plants, including spinach, have a large capacity to acquire tolerance to low-temperature photoinhibition during growth at cold-acclimating temperatures (Huner et al. 1998 ). In addition, chilling-tolerant plants exhibit a greater increase in endogenous polyamine levels in response to chilling than do chilling-sensitive plants (Guye et al. 1986 , Nadeau et al. 1987 , Lee et al. 1995 . If the increased levels of polyamines are crucial for cold acclimation of the photosynthetic apparatus, then suppression of polyamine biosynthesis in cold-acclimating leaves could result in enhanced susceptibility of photosynthesis to low-temperature photoinhibition. Thus, we examined this hypothesis by investigating the effects of methylglyoxal-bis-(guanylhydrazone) (MGBG), a potent inhibitor of SAMDC activity (WilliamsAshman and Schenone 1972), on growth and leaf photosynthesis of spinach under chilling conditions (8/5°C day/night temperatures).
Results

Activities of polyamine biosynthetic enzymes in leaves
Spinach leaves displayed a threefold increase of SAMDC activity during the first 4 d of chilling, whereas ADC activity increased after 4 d at a much slower rate than SAMDC activity (Fig. 1) . Treatment of leaves with 10 mM MGBG 6 h before chilling suppressed the increase of SAMDC activity but induced a marked increase of ADC activity. Both chilling and MGBG treatments exerted little influence on ODC activity (data not shown). Results from RNA gel blot analysis revealed a significant increase in the SAMDC mRNA transcript levels during the first 4 d of chilling treatment (Fig. 1) .
Polyamine contents in leaves and chloroplasts
Before chilling, leaves contained Spd at the highest level among the three polyamines analyzed. During chilling, control plants exhibited a significant increase in the content of total polyamines (the sum of Put, Spd and Spm) in leaves (Fig. 2) . Spd increased the most prominently followed by Put. Spm content remained unchanged. In MGBG-treated plants, Spd content decreased steadily during chilling while Put content increased, and hence the total polyamine content remained unchanged. When MGBG-treated plants were supplied with 0.5 mM Spd through the roots, polyamine contents in MGBGtreated leaves became largely similar to the control leaves. Thylakoid membranes of control leaves before chilling had Spd at roughly the same content with Put (Fig. 2) . Spm content relative to total polyamine content was very low as compared to those in leaf cells. Following chilling, Spd content increased linearly while Put content decreased significantly during the first 2 d. Consequently, thylakoid membranes in chilled leaves became highly enriched with Spd. In MGBGtreated plants, however, contents of all three polyamines decreased gradually with minor changes in their relative contents. Spd was slightly lower in content than Put. Treatment of MGBG-treated plants with Spd resulted in a significant increase of Spd content in thylakoid membranes but the content was still lower than the control in the later stage of chilling treatment.
Chloroplast stroma in unchilled leaves contained Spd and Spm at similar contents with twice-lower content of Put (Fig.  3) . After chilling for 3 d, Put and Spd contents increased about three-and twofold, respectively, while Spm content decreased slightly. By contrast, MGBG-treated plants had a very low polyamine content in stroma compared to the control plants throughout the chilling periods, with Spd and Spm contents being particularly low. The content of Spd in stroma in plants treated with MGBG plus Spd was similar to that in the control plants but the contents of Put and Spm were still lower than were those in the control plants.
Plant growth
The shoot FW of the control plants increased by 152% during the 6 d of chilling periods (Fig. 4) . This growth rate was lower than that in plants grown at 23/18°C (173%), showing that the aerial temperatures of 8/5°C were low enough to inhibit growth in spinach cv. Okame. MGBG treatment resulted in further reduction of growth of spinach under chilling conditions. This adverse effect of MGBG was mitigated by the concomitant treatment of Spd. MGBG treatment did not affect the growth of spinach at 23/18°C, although the treated leaves had 56% lower Spd and 141% higher Put than the control 6 d after MGBG treatment. From this, it follows that MGBG treatment renders spinach less tolerant to chilling temperature.
Photosynthesis and chlorophyll fluorescence
Net photosynthetic rates of the control leaves under chilling conditions were slightly lower than were those before chilling (Fig. 5A) . However, MGBG-treated plants showed much lower rates of net photosynthesis: 64 and 70% reduction after 3 and 6 d of chilling, respectively. Concomitant treatment of Spd considerably reversed the MGBG effect. Within 1 d after return to warm conditions following chilling for 3 and 6 d, the net photosynthesis in control and MGBG plus Spd-treated plants recovered to the normal rates. However, MGBG-treated plants showed still 30 to 40% lower rates than normal. Stomatal conductance and transpiration rates of leaves were decreased during chilling, but there were no significant differences between the treatments (Table 1) . However, MGBG-treated plants exhibited a greater increase of intercellular CO 2 concentrations in chilled leaves than did the control and plants treated with MGBG plus Spd. Chl content of leaves was unaffected by the chilling treatment regardless of MGBG treatment (data not shown).
Effects of chilling on the maximum photochemical efficiency of PSII, as determined by the ratio of the dark-adapted variable (Fv) to maximum fluorescence yield (Fm), were also different between MGBG-treated plant and the control ( 
Activity of thylakoid electron transport
The above results suggested that MGBG treatment could enhance the chill-induced photodamage to the photosynthetic apparatus in spinach leaves. To clarify this, we compared photosynthetic electron transport activities of thylakoids in chilled leaves between the MGBG and control treatments. The results showed that chilling treatment caused a significant loss of photosynthetic electron transport activity of thylakoids through both PSII and PSI (Fig. 6 ). This loss was greater in MGBGtreated plants than in the control particularly during the first 3 d, suggesting the promotion of damage to photosystems by low Spd content in chloroplasts.
Lipid peroxidation of thylakoid membranes
Chill-induced photodamage to thylakoids is generally associated with enhanced ROS generation, resulting in increased lipid peroxidation of thylakoid membranes (Foyer 1997) . Therefore, hydrogen peroxide (H 2 O 2 ) content in leaves and malondialdehyde content in thylakoid membranes were compared between the MGBG and control treatments. MGBGtreated plants exhibited a marked increase of H 2 O 2 in leaves soon after chilling, and after 6 d, the content was fourfold higher than before chilling (Fig. 7) . The control plants showed no increase of H 2 O 2 during the first 2 d. Thereafter, however, H 2 O 2 increased at a similar rate to MGBG-treated plants. Malondialdehyde content in thylakoid membranes also showed a steady increase in MGBG-treated plants during chilling, which was much less pronounced in the control (Fig. 7) .
Activity of enzymes in carbon metabolism
Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) and fructose-1,6-bisphosphatase (FBPase) in chloroplasts are prone to be inactivated under chilling conditions (Allen and Ort 2001) , and these enzymes are sensitive to very low concentrations of H 2 O 2 (Asada 1999). Therefore, we compared the activities of these enzymes in chilled leaves of MGBG-treated plants and the control. The results showed that in the control, activities of Rubisco (initial activity) and FBPase decreased to 52% and 78% of initial activity, respectively, during the 6 d of chilling periods (Fig. 8) . MGBG treatment promoted this chillinduced loss of enzyme activities. Specifically, Rubisco and FBPase activities in MGBG-treated plants decreased to 20 and 45% of initial activity, respectively, after 6 d of chilling treatment. It should be noted that the activation states of Rubisco were decreased by chilling and this decrease was accelerated by MGBG treatment.
The effect of chilling and MGBG treatment on the temper- ature response of Rubisco was examined. Enzymes were extracted from unchilled control leaves and chilled MGBGtreated and control leaves, and their initial activities of Rubisco were determined at 10, 15, 20, and 25°C of reaction temperatures. The results showed that Rubisco activities at lower temperatures relative to those at 25°C were decreased by chilling treatment and further decreased by the combined treatment with MGBG (Fig. 9) . Analyses of the data by the Arrhenius plot revealed that the activation energy for Rubisco activity increased during chilling slightly in the control (111%) but greatly in the MGBG treatment (141%) (Fig. 9) .
Effect of preloading the isolated thylakoids with spermidine on their susceptibility to photoinhibition Whether Spd can alleviate the low-temperature photoinhibition of isolated thylakoids was examined. Thylakoid membranes were isolated from unchilled leaves of MGBG-treated plants and the control after 6 d of MGBG treatment. The contents of Put, Spd and Spd in the membranes were 7.86, 12.23 and 1.13 mmol (mol Chl) , respectively, in MGBG-treated plants. The membranes were mixed with Spd at a final concentration of 0, 0.3 or 1.0 mM and exposed to 4°C for 6 h in a light of 240 mmol m -2 s -1 photosynthetic photon flux density (PPFD). Following this photoinhibitory treatment, PSII electron transport activity was determined in the presence or absence of 4 mM 1,5-diphenylcarbazide (DPC) as an electron donor to PSII.
Before photoinhibitory treatment, PSII activity of isolated thylakoids did not differ with the source of the membranes. After the treatment, PSII activity, assayed in the presence of DPC, did not differ from that before the treatment regardless of Spd treatment (Fig. 10) . However, when the activity was assayed in the absence of DPC, thylakoids from MGBG-treated plants showed much lower PSII activity than did those from the control. This was particularly the case in the absence of added Spd. Preloading the membranes with Spd resulted in a significant alleviation of the loss of PSII activity. The maximum effect was obtained at 0.3 mM Spd in the control while 1.0 mM was inadequate to achieve the maximum effect in the MGBG treatment. 
Discussion
The results of the present study showed that spinach has a large capacity to enhance polyamine biosynthesis in leaves in response to low aerial temperatures. Interestingly, the lowtemperature response of ADC was very weak as compared to SAMDC (Fig. 1) . This result is inconsistent with that of Lee et al. (1997) , who observed a marked increase of ADC activity with little increase of SAMDC activity in chilled roots of chilling-sensitive rice cultivars. It seems that the relative responsiveness to low temperatures of the enzymes involved in Put biosynthesis and those in Spd and Spm biosynthesis may differ with plant species. The spinach cv. Okame used in this study is a leading cultivar in Japan adapted to warm rather than cool climates. Therefore, whether the low-temperature response of cv. Okame in the polyamine biosynthesis shown in this study represents the trait of spinach in general requires further investigation.
The chill-induced increase of SAMDC activity was associated with an increase in the amounts of SAMDC mRNA transcripts (Fig. 1) . SAMDC is an enzyme that is highly regulated at both transcription and post-transcription levels by a variety of endogenous and environmental stimuli (Evans and Malmberg 1989) . Since Guy et al. (1985) established clearly that changes in gene expression occur in spinach during cold acclimation, numerous cold-inducible genes such as CAPs and hsp70 have been identified in spinach (Thomashow 1999) . SAMDC genes may well be one of these cold-inducible genes that are responsible for chilling-stress tolerance of plants.
MGBG treatment suppressed the chill-induced increase of SAMDC activity but induced a marked increase of ADC activity (Fig. 1) . MGBG, a potent in vitro inhibitor of SAMDC, can enhance the in vivo activity of ODC and even SAMDC in some animals and plants (Hiatt et al. 1986 , Cohen 1998 ). This paradoxical enhancement of SAMDC by MGBG was attributed to increased lifetime of the enzymes (Hiatt et al. 1986 ). Although the increased activity of ADC in MGBG-treated leaves is inexplicable, our results show that it is important to determine the in vivo activity of not only SAMDC but also ADC of MGBGtreated plants in studies using this agent as 'an SAMDC inhibitor'.
In agreement with the enhanced activity of SAMDC, the control plants exhibited a substantial increase of Spd content in leaves and particularly in chloroplasts during the chilling treatment (Fig. 2, 3 ). On the other hand, MGBG-treated plants had much lower Spd content in both leaves and thylakoid membranes while the Put content was higher than the control (Fig.  2) . This low content of Spd is considered a major cause for the growth retardation of MGBG-treated plants under chilling conditions (Fig. 4) , because the concomitant treatment of Spd through the roots, which resulted in a significant increase of Spd in leaves and chloroplasts, reversed the detrimental effects of MGBG on growth. It should be noted that MGBG exerted little influence on growth of spinach under warm conditions while it caused a considerable decrease of Spd content in leaves and thylakoid membranes. Similar results have been obtained with cell suspension cultures of maize (Songstad et al. 1990 ). Thus, our results support the view that Spd plays an important role in the chilling tolerance of plants.
In control plants, net photosynthetic rates in chilled leaves, determined at 8°C leaf temperature, were slightly lower than those in unchilled leaves determined at 23°C leaf temperature (Fig. 5A) . This low sensitivity of photosynthesis to chilling temperatures could be a result of photosynthetic cold acclimation during growth at 8/5°C (Berry and Björkman 1980, Huner et al. 1998) . By contrast, MGBG-treated plants showed marked reduction of net photosynthetic rates under both chilling and rewarming conditions. Stomatal conductance and transpiration rates of chilled leaves were no different between MGBGtreated plants and the control. However, MGBG-treated plants showed higher CO 2 concentrations in the intercellular space of chilled leaves (Table 1) . This indicates a decrease of photosynthetic carbon reduction under chilling conditions due to MGBG treatment. Spd reversal of the detrimental effect of MGBG on photosynthesis suggests that the low level of Spd in chloroplasts is responsible at least in part for the increased sensitivity of photosynthesis to low temperature.
The decrease of PSII Chl fluorescence yield (Fv/Fm) upon chilling the leaves is a characteristic feature of photoinhibited leaves. When cold acclimated leaves are exposed to a mild chilling stress, reduction of Fv/Fm is in most cases reversible under favorable conditions (Krause 1994) . The same was the case in plants treated with MGBG plus Spd and the control plants (Fig. 5B) . On the other hand, MGBG-treated plants did not recover normal values of Fv/Fm even after rewarming, indicating the development of irreversible damage to PSII. In fact, MGBG-treated plants had thylakoids with much lower PSII activity than the control (Fig. 6) . PSI activity was also lower in thylakoids of MGBG-treated plants than in those of the control plants. The primary target of damage during photoinhibition of oxygenic photosynthesis is believed to be PSII (Aro et al. 1993) . However, PSI is also vulnerable to photoinhibition particularly under chilling conditions (Terashima et al. 1994 , Sonoike 1996 . The increase of H 2 O 2 (Fig. 7) may verify the actual impairment of PSI of thylakoids during chilling. MGBG-treated plants exhibited a marked increase of H 2 O 2 in leaves and malondialdehyde in thylakoid membranes over the control, indicating enhanced photooxidative damage due to low Spd levels in chloroplasts. This increased content of H 2 O 2 could be responsible in part for the greater decrease of Rubisco and FBPase activities in MGBG-treated leaves than in the control (Fig. 8) . Overall, the present results indicate that high sensitivity of the photosynthetic apparatus to chilling is associated with the low levels of Spd in chloroplasts. Thus, it is concluded that the chill-induced increase of SAMDC activity with a consequential rise of Spd in chloroplasts takes an important part in the cold acclimation of the photosynthetic apparatus in spinach leaves.
In chloroplasts, polyamines are bound to the light-harvesting Chl complexes, PSII and PSI reaction centers, and Rubisco (Del Duca et al. 1994) . Such ionic interactions with chloroplast constituents may increase their stability under conditions of stress (Roberts et al. 1986 ). In fact, Besford et al. (1993) found that exogenously supplied Spd and Spm prevented the destruction of Chl, Rubisco and molecular complexes of thylakoids from occurring in osmotically stressed oat leaves. In this study MGBG treatment promoted a decrease of the activation state of Rubisco and an increase of activation energy for Rubisco activity in chilled leaves (Fig. 8, 9 ). Generally, inhibition of Rubisco activity and its light activation has been considered an important step in the events leading to low-temperature photoinhibition (Krause 1994 , Byrd et al. 1995 . Thus, the increased Spd in stroma in chilled leaves of control plants (Fig.  3) could favor the binding of Spd to Rubisco, thereby increasing the stability of the enzyme under conditions of chilling stress.
Furthermore, preloading the isolated thylakoids with Spd alleviated loss of PSII activity, assayed in the absence of DPC, during photoinhibitory treatment (Fig. 10) . The photoinhibitory treatment did not affect PSII activity assayed in the presence of DPC, indicating the intactness of PSII reaction centers. It is known that some extrinsic proteins of PSII, known as water-splitting machinery, degrade easily at low temperatures (Terashima et al. 1989 , Aro et al. 1993 . Thus, the present results indicate damage to water-splitting machinery during the photoinhibitory treatment. It is inferred, therefore, that Spd binding to water-splitting machinery may stabilize it from chill-induced degradation. Although it is difficult to estimate whether the Spd concentrations used in this experiment (0.3 and 1.0 mM) are within the range of actual concentrations in chloroplast stroma, greater effects of Spd for thylakoids with lower Spd contents indicate the importance of stromal concentrations of Spd for its binding to water-splitting machinery and other complexes in thylakoids.
However, other possible roles of Spd in increasing the chilling tolerance of the photosynthetic apparatus cannot be ruled out. For instance, the marked increase of H 2 O 2 in MGBG-treated leaves (Fig. 7) can be interpreted as being caused by increased generation of superoxide anions in PSI, but a decrease in ROS scavenging capacity of chloroplasts can also be a cause. If the chloroplasts are normal, superoxide anions and their disproportionation product H 2 O 2 can be quickly scavenged by a series of oxidation/reduction reactions localized in close proximity to the PSI complex, known as the water-water cycle (Asada 1999 , Asada 2000 . Chilling-tolerant plants are capable of enhancing the activity of superoxide dismutase and ascorbate peroxidase, major constituents of the water-water cycle enzymes, during cold acclimation (Janhke et al. 1991, Seppänen and Fagerstedt 2000) . Although the role of polyamines in the water-water cycle activity is unknown, plant resistance to the superoxide-generating herbicide paraquat has been shown to correlate with the endogenous levels of polyamines, Spd and Spm in particular (Ye et al. 1997 , Kurepa et al. 1998 . Therefore, some important roles of Spd in stabilizing the water-water cycle could also be possible. Further study is in progress to investigate this possibility.
Materials and Methods
Plant material
Seedlings of spinach (Spinacia oleracea L., cv. Okame) were grown hydroponically with a half-strength Hoagland nutrient solution in an environment-controlled chamber. The chamber was operated with a 13-h light period, 23/18°C (day/night) air temperatures, and 70/ 85% relative humidity. Light was provided by fluorescent lamps with a PPFD of 240 mmol m -2 s -1 at plant canopy. When the plants had seven to eight expanded leaves (about 4 g FW plant -1 ), one set of plants was sprayed with 10 mM MGBG to all leaves at the start of illumination. Another set of plants, sprayed with water, served as the control. Some of the MGBG-treated plants were grown in nutrient solution containing 0.5 mM Spd (trihydrochloride salt) throughout the experimental duration. Spd did not affect the pH of the nutrient solution. After 6 h of MGBG treatment, the temperature in the growth chamber was lowered to 8/5°C for 6 d with root-zones kept at an optimal temperature of 15°C. Other environmental conditions were the same as before. All of the following measurements and sample preparations were made at the middle of the light period at least in triplicate using different plants. Leaf samples were stored at -80°C until analyses, except those used for thylakoid membrane isolation, which was carried out immediately after sampling.
Photosynthesis and chlorophyll fluorescence measurements
Photosynthesis and related parameters were measured on the largest leaves while the plants were in the chilling treatment chamber. Net photosynthetic rates, stomatal conductance, transpiration rates and intercellular CO 2 concentrations were measured with an infrared gas analyzer (SPD-H4, Shimadzu, Japan) at 1.1 mmol m -2 s -1 PPFD and 380±10 mmol mol -1 CO 2 . PSII Chl fluorescence yield (Fv/Fm) was measured with a fluorometer (PAM 2000, H. Walz, Germany) after a 30-min dark adaptation. Chl content was measured with a chlorophyll meter (SPAD-502, Minolta, Japan). Then, the plants were transferred to a warm growth chamber (23/18°C, 13-h photoperiod with 240 mmol m -2 s -1 PPFD) at the middle of the light period, and photosynthesis and Chl fluorescence were again measured after 1 d. Temperatures of leaves in the leaf cuvette during photosynthetic rate measurements were set at the temperature to which the plants were exposed at the time of measurements.
Measurements of thylakoid electron transport
Thylakoid membranes were isolated from leaves as described by Hodgson and Raison (1989) . Activities of PSII and PSI electron transport were measured polarographically in a Clark-type oxygen electrode at 25°C at a PPFD of 1.1 mmol m -2 s -1 as described by Terashima et al. (1989) . PSII-mediated electron transport was measured as O 2 evolution rates in the medium containing 50 mM HEPES (pH 7.0), 0.3 M sorbitol, 10 mM NaCl, 5 mM MgCl 2 , and 1 mM dimethylbenzoquinone. In some experiments, 4 mM DPC was added to the reaction medium to estimate the intactness of PSII reaction centers. PSI-mediated electron transport was based on O 2 consumption rates in 50 mM HEPES (pH 7.5), 0.3 M sorbitol, 10 mM NaCl, 5 mM MgCl 2 , 500 mM diaminodurene, 5 mM sodium ascorbate, 200 mM methylviologen, 1 mM NaN 3 , 10 mM DCMU, and 0.1% (w/v) superoxide dismutase.
Enzyme analysis
Polyamine biosynthetic enzymes in leaves were extracted in 100 mM potassium phosphate (pH 8.0) containing 20 mM sodium ascorbate, 1 mM pyridoxal-5¢-phosphate, 10 mM dithiothreitol, 0.1 mM EDTA and 0.1 mM phenylmethylsulfonyl fluoride. The homogenate was centrifuged at 25,000´g for 20 min, and the supernatant was dialyzed overnight against the extraction buffer. Enzyme activity was determined at 30°C as described by Song et al. (2001) . The substrates used for ADC, ODC and SAMDC activities were 9 mM L-Arg labeled with 185 kBq ml
C]Orn, and 2.7 mM S-adenosylmethionine labeled with 92.5 kBq ml
Rubisco was extracted, immediately after sampling, in 100 mM Tricine-KOH (pH 7.8), 5 mM dithiothreitol, 5 mM MgCl 2 , 1 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, and 2% (w/v) insoluble polyvinylpolypyrrolidone. After centrifugation, the initial activity of Rubisco in the supernatant was assayed according to Makino et al. (1994) with modifications. The assay medium contained 40 mM TrisHCl (pH 7.8), 2 mM dithiothreitol, 10 mM MgCl 2 , 5 mM ribulose-1,5-bisphosphate, and 20 mM NaH 14 CO 3 . Reaction was initiated by adding the enzyme extracts to the medium. It took about 2.5 min from enzyme extraction to the initiation of the reaction. To assay total activity of Rubisco, extracts were injected into the assay medium deprived of ribulose-1,5-bisphosphate and incubated at 25°C for 2 min under illumination. The total activity was initiated by adding ribulose-1,5-bisphosphate. The activation state of Rubisco was estimated by the ratio of initial to total activity. FBPase activity was assayed by measuring the enzyme-linked formation of NADPH (Kelly et al. 1976 ). The assay temperature was 25°C for both enzymes. Proteins were quantified by the method of Bradford (1976) using bovine serum albumin as a standard.
RNA gel blot analysis
Total RNA was extracted in Trizol Reagent (Molecular Research Center, U.S.A.) according to the manufacturer's instructions. The RNA (15 mg) was subjected to 1% (w/v) formaldehyde agarose gel electrophoresis, followed by overnight blotting on a nylon membrane (Hybond-N, Amersham Pharmacia Biotech, U.K.). After fixation, RNA was prehybridized at 42°C for 2 h in a prehybridization buffer consisting of 50% formamide, 5´ Denhardt's solution, 6´ SSPE (3 M NaCl, 0.2 M NaH 2 PO 4 , 20 mM EDTA, pH 7.4), 0.5% sodium dodecylsulfate, and 80 mg ml -1 salmon sperm DNA. The partial cDNA encoding Cucurbita ficifolia SAMDC (Kasukabe et al., unpublished) was used as a template, and a probe was prepared with [ 32 P]dCTP and a random prime labeling system for the gene (rediprime II, Amersham Pharmacia Biotech, U.K.). Hybridization was carried out overnight at 42°C. After washing and drying the membranes, the membranes were exposed 1-8 h to X-ray films (BioMax, Kodak, U.K.) at 70°C in the presence of intensifying screens.
Chemical analysis
Polyamines were extracted by homogenizing the leaves with 5% (w/v) perchloric acid. After centrifugation, the supernatant was preserved and the pellet was resuspended in 5% perchloric acid after several washes with the same solution. Aliquots of the supernatant and pellet suspensions, containing free plus conjugated polyamines and bound polyamines, respectively, were hydrolyzed in 6 M HCl at 110°C for 18 h to convert the conjugated and bound forms of polyamines into free forms. After dansylation, polyamines in the supernatant and hydrolyzates were quantified via HPLC as described by Burtin et al. (1989) . 1,6-Hexanediamine was used as an internal standard. To assay polyamines in thylakoid membranes, isolated thylakoid membranes were washed twice with 5% perchloric acid before resuspension in the same solution. After hydrolysis, polyamines were quantified by HPLC as above. Thus, the contents of polyamines in thylakoid membranes are the sum of free, conjugated, and bound forms.
To estimate polyamine contents in chloroplast stroma, we obtained intact chloroplasts according to Nakano and Asada (1980) . Isolated chloroplasts were purified by Percoll-density centrifugation. Intactness of purified chloroplasts was 91 to 93%, as estimated by the ferricyanide permeability method (Heber and Santarius 1970) . Aliquots of purified chloroplasts were diluted 10 times with isolation buffer or similar buffer deprived of sorbitol to rupture the chloroplast envelope. After centrifugation, pellets of intact and broken chloroplasts were suspended in 5% perchloric acid, subjected to hydrolysis, and examined for polyamines as described above. Polyamine content in stroma was estimated by subtracting polyamine contents in broken chloroplasts from those in intact chloroplasts after correction for intactness. All the data on polyamine contents are presented as the sum of free, conjugated and bound forms.
H 2 O 2 in leaves was extracted in 100 mM sodium phosphate (pH 6.8) and quantified spectrophotometrically as described by Lee and Lee (2000) . Malondialdehyde in thylakoid membranes, a measure for membrane lipid peroxidation (Heath and Packer 1968) , was extracted in 0.1 M trichloroacetic acid containing 0.05% (w/v) butylated hydroxytoluene, and quantified as described by Albrecht and Wiedenroth (1994) .
